Motor activity elicited pharmacologically from the nucleus accumbens by the -opioid receptor agonist D-Ala-Tyr-GlyNMePhe-Gly-OH (DAMGO) is augmented in rats sustaining dopamine depletions. GABAergic projections from the nucleus accumbens to ventral pallidum and ventral tegmental area (VTA) are involved because stimulation of GABA B receptors in the VTA (by baclofen) or GABA A receptors in the ventral pallidum (by muscimol) inhibit the motor response induced by the microinjection of DAMGO into the nucleus accumbens. The present study was done to determine which of these projections is mediating the augmented DAMGO-induced motor activity that follows 6-hydroxydopamine lesions of the nucleus accumbens. The inhibition of DAMGO-induced activation by pallidal injections of muscimol was markedly attenuated in lesioned animals, whereas the inhibition by VTA injections with baclofen was greatly enhanced. A similar switch in emphasis from pallidal to mesencephalic efferents was not observed for dopamine-induced motor activity, because muscimol microinjections inhibited the response elicited by dopamine microinjection into the nucleus accumbens in all subjects. The stimulation of -opioid receptors in the ventral pallidum also elicits motor activation, and this is blocked by baclofen microinjection into the VTA. However, after dopamine depletion in the nucleus accumbens, baclofen in the VTA was ineffective in blocking the motor response by DAMGO in the ventral pallidum. These data reveal that dopamine depletion in the nucleus accumbens produces a lesion-induced plasticity that alters the effect of -opioid receptor stimulation on efferent projections from the nucleus accumbens and ventral pallidum.
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The nucleus accumbens and ventral pallidum (V P) have a pivotal role in regulating exploratory motor behaviors Le Moal and Simon, 1991) . Pharmacological manipulation of dopamine or enkephalin transmission in the nucleus accumbens induces motor activity (for review, see Kalivas et al., 1993a; Mogenson et al., 1993) . The nucleus accumbens has a prominent GABAergic projection to the V P Heimer et al., 1991) . The motor response elicited by microinjecting the -opioid agonist D-Ala-T yr-Gly-NMePhe-Gly-OH (DAMGO) or dopamine into the accumbens is blocked by stimulating GABA A receptors in the V P with the agonist muscimol (Mogenson and Nielsen, 1983; Swerdlow et al., 1984; Patel and Slater, 1988; Austin and Kalivas, 1989) . The nucleus accumbens also has a GABAergic projection to the ventral tegmental area (VTA; Kalivas et al., 1993b) . The V TA receives additional GABAergic afferents from the V P (Kalivas et al., 1993b) . These descending GABAergic afferents synapse primarily on neurons that have GABA B receptors (Sugita et al., 1992) , and the microinjection of the GABA B agonist baclofen into the V TA partly inhibits the motor responses elicited pharmacologically from the accumbens (Johnson et al., 1996) . In addition to the nucleus accumbens, motor activity can be elicited by microinjecting DAMGO or the glutamate receptor agonist AMPA into the VP (Austin and Kalivas, 1990; Shreve and Uretsky, 1991) , and the behavioral activation after DAMGO or AMPA microinjection into the VP is abolished by microinjecting baclofen into the VTA (Johnson et al., 1996) . Dopamine in the nucleus accumbens arises from a dense innervation by the ventral mesencephalon, including the VTA and substantia nigra (Swanson, 1982) , and dopamine lesions of the mesoaccumbens projection augment the behavioral response produced by DAMGO microinjection into the nucleus accumbens (Kalivas and Bronson, 1985; . The mechanisms mediating this lesion-induced behavioral neuroplasticity remain mainly unknown but do not involve alterations in -opioid receptor binding . In the present study we hypothesized that the augmented motor response elicited by -opioid receptor stimulation in the nucleus accumbens of dopamine-lesioned animals may arise from a change in the relative involvement of efferent projections from the nucleus accumbens to the VP and VTA. Specifically, it was hypothesized that the prepotent role of the projection from the nucleus accumbens to the VP would be superseded by a greater involvement of the projection to the VTA. In addition, a second study was designed to determine whether the obligatory role played by the projection from the VP to the VTA in the motor response elicited by DAMGO microinjection into the VP also was altered by dopamine depletion in the nucleus accumbens.
MATERIALS AND METHODS
Animal housing and surger y. Male Sprague Dawley rats (250 -350 gm) obtained from Simonsen Labs (Gilroy, CA) were housed individually in a temperature-and humidity-controlled environment on a 12 hr light / dark cycle, with food and water made available ad libitum. Rats were lesioned in the nucleus accumbens, as described by . Briefly, to block the uptake of 6-hydroxydopamine (6-OH DA) into noradrenergic terminals, we injected the rats with desmethylimipramine (25 mg / kg, i.p.) 20 min before inducing analgesia with Equithesin (2 ml / kg, i.p.). The rats were microinjected with 3 l of 4 g/l 6-OH DA (free base in 0.25 mg /ml ascorbic acid in sterile saline) or sham (0.25 mg /ml ascorbic acid in sterile saline) over a 12 min period (0.2 l /50 sec) through bilateral 30 gauge cannulae lowered into the nucleus accumbens just below the anterior commissure [9.4 mm anteroposterior (A / P), 1.7 mm mediolateral (M / L), and Ϫ0.4 mm dorsoventral (D/ V)], according to Pellegrino et al. (1979) . For behavioral analyses the rats were implanted chronically with bilateral guide cannulae (26 gauge) at 1 mm above the anterior commissure in the nucleus accumbens (9.4 mm A / P, 1.7 mm M / L, and 0.4 mm D/ V) and /or V P (7.6 mm A / P, 2.2 mm M / L, and Ϫ0.2 mm D/ V) and /or V TA (2.5 mm A / P, 0.6 mm M / L, and Ϫ2.5 mm D/ V) relative to the interaural line, according to Pellegrino et al. (1979) . After surgery 33 gauge obturators were placed inside the 26 gauge guide cannulae. The rats were monitored for food intake and fed a sweetened diet to enhance the survival rate. Pharmacolog ical agents and treatment protocols. At 10 d after surgery behavioral analyses were performed after microinjection of saline or DAMGO (0.33 nmol /0.5 l; Research Biochemicals, Natick, M A) into the nucleus accumbens 5 min after the microinjection of muscimol (0.02 nmol /0.5 l; Sigma, St. L ouis, MO) into the V P, after baclofen (0.1 nmol /0.5 l; CI BA-Geigy, Summit, NJ) into the V TA, or after fluphenazine (9.5 nmol /0.5 l; Research Biochemicals) into the nucleus accumbens (Table 1) . Also, behavioral analyses were performed after saline or DAMGO (0.33 nmol /0.5 l) or AM PA (0.1 g /0.5 l; Sigma) microinjection into the V P 5 min after baclofen (0.1 nmol /0.5 l) injection into the V TA. Each rat received four trials with each combination of drug. For example, rats with injection cannulae in the nucleus accumbens and V P received the following trials in random order: (1) saline in both nuclei, (2) DAMGO in the accumbens and saline in the V P, (3) saline in the accumbens and muscimol in the V P, and (4) DAMGO in the accumbens and muscimol in the V P. T wo additional microinjections were made only in the group with cannulae in the nucleus accumbens and V P. These animals were microinjected with dopamine (0.05 mol /0.5 l; Sigma) into the nucleus accumbens, combined with muscimol (0.02 nmol /0.5 l) or saline into the V P.
Microinjections were made into the brain of a conscious rat by mildly restraining the rat with the hand of the investigator and inserting injection needles (33 gauge) through the guide cannulae. Bilateral inf usions were made in the unrestrained rat over 1 min, using a Sage inf usion pump. At 20 sec after inf usion the injection cannulae were removed, and the obturators were replaced. All drugs were dissolved in sterile isotonic saline.
Behavioral measurements. Spontaneous and pharmacologically induced motor activity was measured with a photocell apparatus (Omnitech Electronics, Columbus, OH), as described elsewhere (Austin and Kalivas, 1990 ). Briefly, horizontal activity was quantified by measuring the number of times that the rats interrupted one of a series of 16 photocell beams located 2 cm off the cage floor. The distance traveled was quantified by measuring the consecutive breaking of adjacent photocell beams. Rearing was quantified by counting the number of interruptions in eight photocell beams located 18 cm above the floor. The rats were Figure 1 . Effect of muscimol (0.02 nmol /0.5 l) in the V P on the motor responses elicited by DAMGO (0.3 nmol /0.5 l) microinjection into the nucleus accumbens of 6-OHDA-lesioned (n ϭ 8) or sham-lesioned (n ϭ 6) rats. Behavior, Lef t, The data are shown as mean Ϯ SEM photocell counts (horizontal or rearing activity) or centimeters (distance traveled). Each behavior was evaluated for sham-and 6-OH DA-lesioned rats, using a two-way ANOVA with repeated measures over the four treatment groups outlined in The data are shown as mean Ϯ SEM horizontal photocell counts. The behavior was evaluated for either sham-or 6-OH DA-lesioned rats, using a two-way ANOVA with repeated measures over time. The F test values are given for DAMGO microinjections in the nucleus accumbens. 6-OHDA (n ϭ 8), Treatment: F (3,28) ϭ 24.171, p Ͻ 0.001; time: F (7, 196) ϭ 11.267, p Ͻ 0.001; interaction: F (21, 196) ϭ 6.09, p Ͻ 0.001. Sham (n ϭ 6), Treatment: F (3,20) ϭ 9.011, p Ͻ 0.001; time: F (7,140) ϭ 4.889, p Ͻ 0.001; interaction: F (21,140) ϭ 2.564, p Ͻ 0.001. *p Ͻ 0.05, comparing DAMGO/drug with saline/drug, using a least significant difference test; ϩ p Ͻ 0.05, comparing drug /saline with drug /muscimol; # p Ͻ 0.05, comparing 6-OH DA-lesioned with sham-lesioned rats in the same microinjection treatment group. preadapted 24 hr before the experiment was started by placing them in the photocell cages for 60 min, making sham microinjections, and returning them to the cages for another hour. On microinjection days the rats were adapted to the photocell cage for 60 min, and behavioral measurements were obtained for 2 hr after the microinjection. After the behavioral analyses the rats were returned to their home cages for a minimum 72 hr intertrial interval.
Histolog y. After behavioral testing the rats were used randomly for either the quantification of dopamine levels in the nucleus accumbens or histological verification of cannulae placement. Subjects used for the measurement of dopamine had injection cannulae inserted into the guide cannulae just before decapitation to scar the injection site acutely. The nucleus accumbens was dissected on an ice-cooled plate from a 0.75-1 mm slice, using a 15 gauge tissue punch. Rats were considered to have injection sites in the nucleus accumbens if damage from the cannula was observed to penetrate the dorsal, but not ventral, edge of the tissue punch. The subjects used for more accurate histological verification were given an overdose of pentobarbital (100 mg / kg, i.p.) and transcardially perf used with saline, followed by 10% formalin. Coronal sections (50 -100 m thick) were made with a vibratome. The sections were mounted and stained with cresyl violet; the location of cannula tips was evaluated with reference to the atlas of Paxinos and Watson (1997) . Rats with one or both cannulae tips outside of the nucleus accumbens, V P, or ventral VTA or with Ͻ50% dopamine depletion in the nucleus accumbens were excluded from the data analyses.
Measurement of dopamine. The concentration of dopamine in the nucleus accumbens of sham-or 6-OH DA-lesioned rats was determined by using HPLC with electrochemical detection. After dissection of the nucleus accumbens (see above), bilateral tissue punches were placed in 0.5 ml of mobile phase (0.1 M trichloroacetic acid, 0.1 M Na-acetate, 0.1 mM EDTA, and 18% methanol, pH 4, containing 2 ϫ 10 Ϫ7 M isoproterenol as an internal standard), sonicated, and centrif uged (13,000 ϫ g) for Figure 2 . Effect of muscimol (0.02 nmol /0.5 l) in the V P on the motor responses elicited by dopamine (0.05 mol/0.5 l) microinjection into the nucleus accumbens in 6-OH DA-lesioned (n ϭ 8) or sham-lesioned (n ϭ 6) rats. Only the responses to dopamine/saline and dopamine/muscimol are illustrated in this figure. The responses to saline and muscimol alone are illustrated in Figure 1 . Behavior, Lef t, The data are shown as mean Ϯ SEM photocell counts (horizontal or rearing activity) or centimeters (distance traveled). Each behavior was evaluated for sham-and 6-OH DA-lesioned rats, using a two-way ANOVA with repeated measures over the treatment groups outlined in Table 1 . For illustrative clarity the saline/saline and saline/muscimol groups are not shown. Solid bar, Dopamine/saline; striped bar, dopamine/muscimol. Horizontal, Surgery: F (1,12) ϭ 5.283, p ϭ 0.0403; treatment: F (1,12) ϭ 11.975, p ϭ 0.0047; interaction: F (1,12) ϭ 1.61, p ϭ 0.2285. Distance, Surgery: F (1,12) ϭ 6.198, p ϭ 0.0285; treatment: F (1,12) ϭ 11.669, p ϭ 0.0051; interaction: F (1,12) ϭ 1.807, p ϭ 0.2037. Rearing, Surgery: F (1,12) ϭ 0.904, p ϭ 0.3604; treatment: F (1,12) ϭ 4.889, p ϭ 0.0472; interaction: F (1,12) ϭ 0.278, p ϭ 0.6076. Time Course, Right, The data are shown as mean Ϯ SEM horizontal photocell counts over time. Because the response to dopamine lasted for only 30 min, the time course illustrated is for the first hour of the response. The behavior was evaluated for either sham-or 6-OHDA-lesioned rats, using a two-way ANOVA with repeated measures over time. The F test values are given for DAMGO microinjections in the nucleus accumbens. 6-OHDA (n ϭ 8), Treatment: F (3,28) ϭ 10.293, p Ͻ 0.001; time: F (3,84) ϭ 9.031, p Ͻ 0.001; interaction: F (9,84) ϭ 9.39, p Ͻ 0.001. Sham (n ϭ 6), Treatment: F (3,20) ϭ 6.239, p ϭ 0.0036; time: F (3,60) ϭ 35.776, p Ͻ 0.001; interaction: F (9,60) ϭ 5.123, p Ͻ 0.001. *p Ͻ 0.05, comparing dopamine/drug with saline/drug, using a least significant difference test; ϩ p Ͻ 0.05, comparing drug /saline with drug /muscimol; # p Ͻ 0.05, comparing 6-OH DA-and sham-lesioned rats.
2 min. The supernatant was removed for analysis on the HPLC while the pellet was assayed for protein content, using the L owry method. The biogenic amines were separated on a 25 mm ODS C -18 reverse-phase column (Bioanalytical Systems, Lafayette, I N) and oxidized at 0.7 V. The concentration of biogenic amines was calculated from a standard curve (from 10 Ϫ12 to 10 Ϫ10 mol). The detection limit was 3 ϫ 10 Ϫ13 mol. Statistics. Total horizontal activity, the distance traveled, and rearing were evaluated by using a two-way ANOVA, with one factor being the lesion group and the other being repeated measures over treatment. If a significant interaction was observed, a least significant difference test was used (Milliken and Johnson, 1984) . If there was no significant interaction but a significant treatment effect was present, then a one-way ANOVA with repeated measures within each lesion group was used, followed by a Scheffé's test for multiple comparisons between treatments. The time course data were evaluated separately for the sham-or 6-OH DAlesioned rats with a two-way ANOVA, with one factor being treatment and the other being a repeated measures over time, followed by a least significant difference test. Figure 1 shows that DAMGO (0.33 nmol) microinjection into the nucleus accumbens significantly elevates all three measures of motor activity over the 120 min after injection into the nucleus accumbens in both the sham and 6-OHDA treatment groups. However, the DAMGO-induced elevation in horizontal photocell counts and distance traveled was greater in the lesioned, as compared with the sham, group. Muscimol (0.02 nmol) microinjection into the VP significantly reduced the motor response to DAMGO in the sham treatment group. In contrast, muscimol was without effect on the total behavioral response to DAMGO in 6-OHDA-lesioned subjects. The time course data for the hori- Behavior, Lef t, The data are shown as mean Ϯ SEM photocell counts (horizontal or rearing activity) or centimeters (distance traveled). Each behavior was evaluated for sham-lesioned (n ϭ 11) and 6-OH DA-lesioned (n ϭ 7) rats, using a two-way ANOVA with repeated measures over the four treatment groups that were outlined in Table 1 zontal photocell counts are shown in Figure 1 and reveal that in lesioned rats muscimol did produce a significant reduction in the DAMGO response during the first 15 min after injection but was ineffective thereafter. In contrast, the response to DAMGO in sham animals was blocked over the first 60 min after injection by muscimol. Both the total photocell count measure of motor activity and the time course reveal that muscimol alone did not alter motor behavior significantly.
RESULTS

Effect of muscimol in the VP on locomotion induced from the nucleus accumbens
Dopamine depletion in the nucleus accumbens also augments the motor response produced by stimulating dopamine receptors (Breese et al., 1987) . To determine whether the reduced effectiveness of muscimol in lesioned rats was selective for DAMGOinduced motor activity, dopamine was microinjected into the nucleus accumbens, and motor activity was monitored in the presence or absence of muscimol in the V P. Figure 2 shows that dopamine (0.05 mol) increased horizontal photocell counts and the distance traveled in both treatment groups and that the stimulant response was greater in the lesioned than in the sham subjects. Muscimol (0.02 nmol) in the VP significantly blocked dopamine-induced motor activity in both treatment groups for the duration of the response (i.e., for 30 min after injection).
Effect of baclofen in the VTA on DAMGO-induced behavior from the nucleus accumbens
As with the previous data set, the increase in total horizontal photocell counts and in the distance traveled that was elicited by DAMGO (0.33 nmol) microinjection into the nucleus accumbens was greater in lesioned animals as compared with sham subjects (Fig. 3) . When activity over the 120 min after injection was examined, baclofen (0.1 nmol) microinjection into the VTA of sham rats was found not to alter the DAMGO-induced increase in horizontal counts or distance traveled, but it did reduce the Behavior, Left, The data are shown as mean Ϯ SEM photocell counts (horizontal or rearing activity) or centimeters (distance traveled). Each behavior was evaluated for either sham-lesioned (n ϭ 7) and 6-OH DA-lesioned (n ϭ 8) rats, using a two-way ANOVA with repeated measures over treatment. For illustrative clarity the saline/saline and saline/ baclofen groups are not shown. Solid bar, DAMGO/saline; striped bar, DAMGO/ baclofen. Horizontal, Surgery: F (1,12) ϭ 1.409, p ϭ 0.2583; treatment: F (3,36) ϭ 40.335, p Ͻ 0.001; interaction: F (3,36) ϭ 6.718, p ϭ 0.001. Distance, Surgery: F (1,12) ϭ 0.476, p ϭ 0.5034; treatment: F (3,36) ϭ 38.5, p Ͻ 0.001; interaction: F (3,36) ϭ 8.917, p Ͻ 0.001. Rearing, Surgery: F (1,12) ϭ 0.01, p ϭ 0.9234; treatment: F (3,36) ϭ 18.04, p Ͻ 0.001; interaction: F (3,36) ϭ 2.01, p ϭ 0.1299. T ime Course, Right, The data are shown as mean Ϯ SEM horizontal photocell counts over time. The behavior was evaluated for either 6-OH DA-or sham-lesioned rats, using a two-way ANOVA with repeated measures over time. 6-OHDA (n ϭ 7), Treatment: F (3,24) ϭ 15.477, p Ͻ 0.001; time: F (7, 168) increase in rearing. By contrast, baclofen significantly blocked the expression of all three DAMGO-induced behaviors in dopaminedepleted animals. The time course data for horizontal activity also illustrated in Figure 3 demonstrate that in lesioned rats DAMGO significantly elevated motor activity as compared with that in saline-treated subjects for 115 min after microinjection and that baclofen antagonized this effect over the entire time course. In the sham group DAMGO alone significantly elevated motor activity between 30 and 120 min after injection, and baclofen reduced the DAMGO-induced activity significantly between 60 and 120 min after injection. However, the reduction was only partial, because baclofen plus DAMGO was also significantly different from saline plus baclofen at 15, 30, and 60 -90 min after injection. Baclofen alone significantly reduced horizontal photocell counts, as compared with those after saline injection, in the first 15 min of the experiment with sham lesioned subjects, but it did not alter the saline response in lesioned rats.
Effect of baclofen in the VTA on DAMGO-induced behavior from the VP
DAMGO microinjection into the VP elicited a significant elevation in all three measures of motor activation in both treatment groups (Fig. 4) . The increase in the distance traveled was blunted significantly in the lesion as compared with that in the sham treatment group. Baclofen microinjection into the VP blocked the capacity of DAMGO to elevate all three measures of motor activity in the sham treatment group. By contrast, baclofen was effective only in reducing DAMGO-induced rearing in the lesioned animals and did not alter horizontal photocell counts or distance traveled. The time course data in Figure 4 reveal that DAMGO elevated photocell counts in sham animals for the first 90 min after injection and that baclofen reduced this response over the entire time course of the stimulant effect. In lesioned rats the DAMGO-induced increase was between 60 and 105 min after Behavior, Left, The data are shown as mean Ϯ SEM photocell counts (horizontal or rearing activity) or centimeters (distance traveled). Each behavior was evaluated for sham-lesioned (n ϭ 6) or 6-OH DA-lesioned (n ϭ 5) rats, using a two-way ANOVA with repeated measures over treatment. For illustrative clarity the saline/saline and saline/ baclofen groups are not shown. injection. Baclofen did not alter significantly the time course of the DAMGO-induced motor response in lesioned rats. Baclofen alone significantly reduced motor activity during the first 15 min after injection in the sham, but not in the lesion treatment, group.
Effect of baclofen in the VTA on AMPA-induced behavior from the VP
The stimulation of the AM PA glutamate receptor subtype in the VP increases motor activity (Shreve and Uretsky, 1991) , and this stimulant response is blocked by baclofen microinjection into the VTA (Johnson et al., 1996) . Figure 5 shows that AMPA microinjection into the VP elevated all three measures of motor activity in sham subjects. Although a significant elevation also was observed in horizontal photocell counts and in the distance traveled in lesioned animals, the distance traveled was reduced significantly as compared with that in sham subjects. Furthermore, AMPA did not induce rearing in lesioned rats. Baclofen microinjection into the VTA inhibited the AMPA-induced increase in the behavioral measures from both the dopaminedepleted and sham groups. The time course data illustrated in Figure 5 demonstrate that AMPA significantly enhanced horizontal activity from 30 to 120 min after microinjection into either dopamine-lesioned or sham subjects. Baclofen microinjected into the VTA abolished the horizontal activity induced by AMPA from 75 to 120 min in the lesioned rats and from 45 to 120 min in the sham subjects.
Effect of fluphenazine in the nucleus accumbens on DAMGO-induced behavior in the nucleus accumbens
Because baclofen microinjected into the ventral mesencephalon inhibits mesoaccumbens dopaminergic as well as GABAergic neurons (Olpe et al., 1977; Lacey et al., 1988) , the inhibition of DAMGO-induced motor activity by baclofen may arise from inhibiting the dopamine projections remaining after lesions in the nucleus accumbens. To test this hypothesis, we microinjected the dopamine receptor antagonist fluphenazine into the nucleus accumbens 5 min before microinjecting DAMGO into the nucleus accumbens. The dose of fluphenazine that was used (9.5 nmol/ side) was shown previously to inhibit motor activity elicited by systemic amphetamine, novelty, and intra-VTA administration of neuropeptides (Kalivas et al., 1983; Hooks and Kalivas, 1994) . Figure 6 shows that DAMGO induced a significant increase in horizontal activity and distance in both sham and lesioned rats and a significant increase in rearing in lesioned rats. DAMGOinduced horizontal photocell counts and the distance traveled were greater in the lesioned, as compared with the sham, animals. Fluphenazine microinjection into the nucleus accumbens 5 min before intra-accumbens DAMGO was administered did not block the increase in total horizontal photocell counts, the distance traveled, and the number of vertical movements in either 6-OHDA-lesioned or sham rats. Likewise, the time course data (not shown) did not reveal any significant differences between DAMGO-induced augmentation in the presence or in the absence of fluphenazine.
Histology and dopamine depletion
The nucleus accumbens from randomly selected rats was examined for tissue content of dopamine while the remaining rats were processed for histological verification of cannulae placement. The location of microinjection cannulae in the nucleus accumbens was primarily in the ventral nucleus accumbens shell and core (Fig. 7) . The placement of cannulae was generally in the dorsal half of the VP; in the ventral mesencephalon the cannulae tips were located throughout the VTA and sometimes near the medial substantia nigra, pars compacta. In each of the experiments in which the dopamine levels were measured in the nucleus accumbens, 6-OHDA-treated subjects had dopamine levels reduced by ϳ80% in comparison with those in sham-lesioned rats, whereas the serotonin levels were not altered significantly ( Table 2 ). The concentration of norepinephrine was reduced significantly to 51% Figure 6 . Effect of fluphenazine (9.5 nmol /0.5 l) microinjections in the nucleus accumbens 5 min before DAMGO microinjections in the nucleus accumbens. The data are shown as mean Ϯ SEM photocell counts (horizontal or rearing activity) or centimeters (distance traveled). Each behavior was evaluated for sham-lesioned (n ϭ 7) and 6-OH DA-lesioned (n ϭ 8) rats, using a two-way ANOVA with repeated measures over treatment. in the first experiment, but no significant reductions were measured in the other experiments.
DISCUSSION
Dopamine depletion in the nucleus accumbens augments the behavioral response elicited by -opioid receptor stimulation in the nucleus accumbens (Kalivas and Bronson, 1985; Stinus et al., 1985; , and the present report demonstrates that this behavioral plasticity is associated with the functional reorganization of a circuit that includes the nucleus accumbens, V P, and V TA. The motor activation after the stimulation of -opioid receptors in the nucleus accumbens with DAMGO involves projections to the V P and, to a lesser extent, efferents to the V TA (Austin and Kalivas, 1989; Johnson et al., 1996) . After dopamine depletion the majority of the stimulant response involved projections to the V TA, because stimulating GABA B receptors in the V TA with baclofen abolished the entire response to DAMGO. By contrast, the involvement of pallidal efferents was reduced because muscimol in the V P was relatively ineffective. Not only did the lesion alter the circuitry mediating behavioral output that was initiated from the nucleus accumbens, it also altered output that was elicited from the V P. In shamlesioned subjects the motor response elicited by DAMGO in the VP was abolished by baclofen in the V TA, but after dopamine depletion in the nucleus accumbens baclofen in the VTA was without effect. These alterations in f unctional circuitry appeared to be selective for -opioid receptor stimulation. After dopamine depletion in the nucleus accumbens, muscimol in the VP continued to antagonize the motor response elicited by dopamine in the nucleus accumbens, and baclofen in the VTA persisted in blocking the motor response after AMPA in the VP.
The discussion below describes possible synaptic and cellular mechanisms that contribute to the lesion-induced changes in circuitry that may be mediating the altered behavioral responses to DAMGO. Because of a relative dearth of investigations into the consequences of dopamine lesions in the nucleus accumbens, the discussion often relies on studies that examined the effect of dopamine depletion in the striatum. Although the spiny neurons in the striatum and nucleus accumbens have parallel projections to the pallidum and ventral mesencephalon (Joel and Weiner, 1994) , there exist anatomical and functional distinctions between these structures (Groenewegen et al., 1996) . Nonetheless, a comparison of the nucleus accumbens with the more abundant striatal literature reveals general overlap in the impact of dopamine depletion on the respective efferent circuits.
Alterations in the circuit after dopamine depletion in the nucleus accumbens/striatum
The spiny neurons projecting from the striatum to the globus pallidus are chemically distinct from those projecting to the substantia nigra. The pallidal projection contains GABA, enkephalin, and D2 receptors, whereas the mesencephalic projection contains GABA, substance P, and D1 receptors (Gerfen and Young, 1988) . The corresponding spiny neuron output from the Figure 7 . Location of microinjection cannulae in the nucleus accumbens (lef t), V P (middle), and ventral mesencephalon (right). The location of the microinjection cannulae within the nucleus accumbens and V P is illustrated for the dopamine-lesioned rats used in Figures 1 and 2 , respectively, and the location in the ventral mesencephalon is illustrated for the dopamine-lesioned rats used in Figure 3 . The drawings are based on the atlas of Paxinos and Watson (1997) . The interaural distances are indicated on each slice. Scale bar, 1 cm. The data are expressed as a percentage of the sham-lesioned rats within each study. Raw data in sham animals were 188.9 Ϯ 27.4 pmol/mg protein for dopamine, 14.8 Ϯ 1.5 pmol/mg protein for serotonin, and 8.8 Ϯ 2.3 pmol/mg protein for norepinephrine. *p Ͻ 0.05, comparing sham with 6-OHDA-lesioned rats, using Student's t test.
nucleus accumbens is somewhat less differentiated. The projection to the V TA contains exclusively GABA /substance P/D1 receptors, whereas the output to the V P contains both types of spiny neurons (Kawaguchi et al., 1990; L u et al., 1998) . The literature suggests that dopamine depletion in the nucleus accumbens/striatum selectively upregulates neurotransmission in the GABA/enkephalin/D2 spiny cells, although not affecting or downregulating the GABA/substance P/D1 neurons. For example, the synthesis of enkephalin and D2 receptors is increased (Creese and Snyder, 1979; Voorn et al., 1994) , whereas substance P synthesis is reduced and D1 receptors are unchanged by dopamine depletion (Breese et al., 1987; Gerfen et al., 1991) . Moreover, dopamine depletion elevates the synthesis of the isoform (GAD 67 ) of glutamate decarboxylase that is regulated by D2 receptors and does not affect synthesis of the isoform (GAD 65 ) regulated by D1 receptors (Soghomonian et al., 1992; Laprade and Soghomonian, 1995) . Also, extracellular GABA levels are elevated in the VP, whereas substance P levels in the substantia nigra are reduced by striatal/accumbens dopamine depletion (Lindefors et al., 1989; Bourdelais and Kalivas, 1992) . Postsynaptic changes in GABA A receptor binding also reflect distinct changes in GABAergic innervation of the VP and VTA, because dopamine lesions elevate GABA A receptor density in the VTA/ substantia nigra while simultaneously lowering GABA A binding in the pallidum (Pan et al., 1985; . Finally, although -opioid receptor binding is not altered in the nucleus accumbens by dopamine lesions , -opioid mRNA levels are reduced in the pallidum after chronic dopamine receptor blockade (Delfs et al., 1994) , perhaps as a result of increased enkephalin transmission in the striatopallidal pathway. Figure 8 shows a model of the lesion-induced alterations that culminate in an increase in inhibitory tone in the pallidum and a decrease in the VTA. Herein lies a possible explanation for the present findings. The increase in GABA transmission and the ensuing reduction in GABA A binding density may render the stimulation of GABA A receptors by muscimol less effective in reducing the motor response by DAMGO in the nucleus accumbens of lesioned rats. Conversely, the potential decrease in transmission in the mesencephalic projection may produce a corresponding upregulation in sensitivity to baclofen in the VTA of lesioned subjects. However, the lesion-induced changes in GABAergic tone in the VP and VTA do not explain why muscimol in the VP remained highly effective at reducing the motor response elicited by dopamine in the nucleus accumbens of lesioned rats. This argues that lesion-induced alterations within the nucleus accumbens also may play a role in the apparent switch from the pallidal to the mesencephalic efferents that are mediating DAMGO-induced motor activity.
Synaptic organization in the nucleus accumbens
Electrophysiological studies reveal that opioids mainly inhibit synaptic input (Yuan et al., 1992) . -Opioid receptors preferentially colocalize with the GABA/substance P/D1 population of spiny cells (Guttenberg et al., 1996) , and electron microscopic studies reveal that -opioid receptors are located adjacent to enkephalin terminals (Svingos et al., 1996) . Therefore, the upregulated enkephalin synthesis in the nucleus accumbens of dopamine-depleted subjects will provide greater inhibitory tone to the GABA/substance P/D1 neurons projecting to the mesencephalon and may mediate the reduced substance P transmission in this projection (see above).
In addition to increasing enkephalin transmission onto spiny neurons projecting to the VTA, the dopamine lesions increase D2 dopamine receptor binding (Creese and Snyder, 1979) and the electrophysiological and behavioral responses to D2 receptor Figure 8 . Model depicting the neural plasticity induced by a dopamine lesion in the nucleus accumbens (NA) on the circuit containing the NA, VP, and VTA. Many of the changes that are shown are extrapolated from studies examining striatal dopamine depletion. After dopamine depletion in the NA/striatum there is an increase in neurotransmission in spiny cells projecting to the pallidum. This is evident by lesion-induced increases in enkephalin (ENK; Voorn et al., 1994) and GAD 67 synthesis (Soghomonian et al., 1992) and D2 receptors (Creese and Snyder, 1979) as well as by elevated extracellular GABA (Bourdelais and Kalivas, 1992) and reduced GABA A (Pan et al., 1985) and -opioid receptors (mu) (Delfs et al., 1994 ) (after chronic dopamine receptor blockade) in the pallidum. Conversely, neurotransmission in spiny cells projecting to the VTA/ substantia nigra is reduced, as evidenced by decreases in substance P (SP) synthesis without a change in D1 receptors in the NA/striatum (Breese et al., 1987; Gerfen et al., 1991; Delfs et al., 1995) as well as by reduced extracellular levels of substance P and increased GABA A receptor density in the VTA/substantia nigra (Pan et al., 1985; Lindefors et al., 1989; stimulation (Breese et al., 1987; Hu et al., 1990) . Moreover, the response of spiny cells to D2 receptor stimulation depends on concurrent D1 receptor tone (White, 1987) , but after dopamine depletion the D2 receptors respond independently from D1 receptor tone (Hu et al., 1990) . These data offer an explanation for the continued obligatory involvement of the pallidal projection in dopamine-induced behavioral activation, because D2 receptors are located preferentially in spiny cells projecting to the VP (Lu et al., 1998) .
Adaptations in the VP after dopamine depletion in the nucleus accumbens DAMGO or AM PA microinjection into the V P stimulates locomotion (Austin and Kalivas, 1990; Shreve and Uretsky, 1991) , and this motor response was blunted in subjects sustaining dopamine lesions in the nucleus accumbens. The motor response to AMPA or DAMGO in the V P is blocked by coadministration of muscimol (Shreve and Uretsky, 1991; Alesdatter and Kalivas, 1993) . Therefore, the increased basal GABAergic tone in the VP of dopamine-depleted subjects (Bourdelais and Kalivas, 1992) may mediate the blunted behavioral response to AM PA and DAMGO in the V P. Also, the reduction in -opioid receptor synthesis in the pallidum may diminish the behavioral response to DAMGO further (Delfs et al., 1994) .
The behavioral stimulation after DAMGO or AM PA in the VP is blocked by stimulating GABA B receptors in the VTA (Johnson et al., 1996) . Dopamine depletion in the nucleus accumbens selectively eliminated involvement of the V TA in DAMGOinduced motor activity without altering the capacity of baclofen to inhibit the behavioral response to AM PA receptor stimulation. DAMGO-induced motor activity from the V P is blocked by inhibiting dopamine receptors in the nucleus accumbens (Austin and Kalivas, 1991) . Thus, it is thought that DAMGO-induced locomotion from the V P arises in part from inhibiting GABA neurons in the V P that project to the V TA and thereby increasing mesoaccumbens dopamine transmission (Austin and Kalivas, 1991; Johnson et al., 1996) . By lesioning this dopamine projection, we have found that output through the V TA and mesoaccumbens dopamine system is no longer possible. Thus, after dopamine depletion the DAMGO-induced locomotion may arise from modulating other efferents from the V P (Groenewegen et al., 1993) that are known to modulate motor behavior, including projections to the subthalamus, mediodorsal thalamus, and mesencephalic locomotor region (Mogenson et al., 1985 (Mogenson et al., , 1993 .
Conclusions
The compensatory adaptations associated with dopamine lesion in the striatum /accumbens are illustrated in Figure 8 . Neuroplasticity produced by dopamine depletion alters the behavioral response to -opioid receptor stimulation in the nucleus accumbens that is reflected by cellular plasticity within the circuit containing the nucleus accumbens, V P, and V TA and in the involvement of circuitry distal to the V P and V TA.
